We report on the thickness dependence of the ferroelastic domains of PbTiO 3 films grown on (110)-DyScO 3 with low thicknesses (up to 240 nm), which fall outside the validity range of the square root law proposed by Roytburd. For slow-grown films, the data reveal the linear thickness dependence predicted by Pertsev and Zembilgotov, using a complete elastic description, while a 2/3 scaling exponent is found for fast-grown films. Extremely long domains running all through the samples have been observed in the latter case, compared to the short domains observed in slow-grown films. These differences are ascribed to the in-plane anisotropy for domain wall nucleation, which is likely caused by the anisotropic elastic modulus of the substrate. The response of domains and domain walls crucially affects (and often determines) the dielectric properties and switching behavior of ferroelectrics. This is particularly important in thin films where the ferroelectric (180 ) and ferroelastic (non-180 ) domain walls are formed in order to comply with the stringent electrical (large depolarizing field) and mechanical (substrate mismatch strain and clamping) boundary conditions.
The size of the domains increases with increasing film thickness as a result of the balance between the depolarizing field energy (for 180 domains) 1 or elastic strain energy (for non-180 domains) 2 and the domain wall formation energy. Thus, the thinner the films, the larger the domain wall density and the greater the influence of the walls on the ferroelectric properties. Moreover, domain walls break spatial symmetry and could add functionalities to the films when present in large amounts.
3 It is therefore most relevant to have good control of the domain formation and the density of domain walls. 4 Domain formation in ferroelectrics has been largely studied. 2, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In order to adapt to the substrate and to locally minimize the mismatch strain or the depolarizing field, the domains form in a periodic manner. 6, 7 It is known that there is a quadratic dependence, W / d 1=2 , of the domain width (W) with the crystal thickness (b). In ferroelastic domains (typically 90 domains), this b 1=2 dependence is an approximation in the regime of d ) W.
2 For smaller thicknesses, a linear dependence has been predicted by Pertsev and Zembilgotov (P&Z), 8 but it has not been experimentally confirmed yet.
In this paper we investigate the thickness dependence of the periodicity of ferroelastic 90 domains (a/c twins) in the lower thickness regime using PbTiO 3 films grown on DyScO 3 substrates. This combination is chosen because there is a very small lattice mismatch between film and substrate at the growth temperature. This minimizes the formation of defects during growth. As the films are cooled down strain develops and can be relaxed by forming a/c domains. The absence of defects allows these domains to form in a very periodic fashion. 13, 16 Interestingly, when the films are grown by pulsed laser deposition at high laser frequencies (10 Hz), extremely long domains are formed along one of the in-plane crystallographic directions, despite the very small difference in lattice parameters and thermal expansion coefficient of both in-plane lattice parameters of (110)-DyScO 3 .
The thin films are grown on (110)-oriented DyScO 3 substrates 17 by Pulsed Laser Deposition (PLD) from PbTiO 3 targets with 4 at. % excess lead. Orthorhombic (110)-DyScO 3 substrates are obtained from CrysTec GmbH. The two inplane lattice directions are then [1-10] and [001], which we shall name a-axis and b-axis, respectively. The substrates exhibit double-terminated surfaces (with both DyO and ScO 2 surface layers), and they are chemically and thermally treated to get a single ScO 2 termination. 18 This allows growing high quality SrRuO 3 layers since SrRuO 3 preferentially nucleates in that surface. 19 An 8 nm-thick SrRuO 3 layer was grown between the film and the substrate. The SrRuO 3 layer is fully strained and acquires the lattice parameters of the substrate. The growth was monitored by Reflection High-Energy Electron Diffraction (RHEED). The RHEED intensity oscillations, together with x-ray reflectivity, are used to determine the thickness of the films. Two series of films have been grown at two different growth rates, using laser frequencies of 1 Hz and 10 Hz. The rest of the growth parameters were tuned to minimize the film roughness and maximize the RHEED intensity oscillations: the laser fluence, spot size at the target, substrate temperature, substrate-target distance, and O 2 pressure in the chamber were 1.5 J/cm FEI Titan 60-300 microscope operated at 300 kV with a probe size of 1 Å . Atomic Force Microscopy (AFM) was performed using a VEECO (now Bruker) Dimension V microscope.
(110)-DyScO 3 does not have a totally squared in-plane lattice; however, the difference between the two in-plane parameters is typically considered too small to give rise to anisotropic domain formation. In agreement with this, for the slow-grown samples, we find domain walls along both in-plane directions. The domains organize in bundles with perpendicular domain walls forming four-fold symmetric patterns 13, 20 (see Fig. 1(a) ). However, for the fast-grown samples, extremely long domain walls are observed along the a-axis of the substrate, as shown in Fig. 1(b) , while shorter, less straight and less periodic domain walls are observed perpendicularly, along the b-axis. The length of the long domain walls ðkaÞ seems to mainly be limited by the length of the sample and only in rare cases a domain wall starts or ends at one of the perpendicular ðkbÞ walls. STEM reveals that despite the apparent differences between the sets of perpendicular walls in the AFM images of the fast-grown samples, both cross-sections consist of a/c twins (Figs. 1(c) and 1(d)).
In order to clarify the origin of the observed anisotropy, we have looked at the effect of the substrates terraces on the domain formation. PbTiO 3 thin films have been grown on DyScO 3 substrates with different direction of miscut, that is, different orientation of the substrate steps: forming 0 , 45 , and 90
with respect to the in-plane crystallographic directions. The domain structures created on two substrates with differently oriented terraces are shown in Figure 1S . 21 It is observed that the long and straight domain walls form along the a-axis of (110)-DyScO 3 , independent on the orientation of the substrate terraces.
Therefore, the long domain walls ka must form in response to the lattice strain experienced along the b-axis. At the growth temperature the misfit strain along the a-axis is close to zero (well below 0.1%) while the misfit strain along the b-axis is slightly tensile (0.12%) (see Figure 2S in Ref. 21) .
The difference between the fast-grown and slow-grown samples can be explained if we assume that the bulk phase transition is shifted upwards, already under such relative small strain values, such that the material grows in the ferroelectric phase. 22, 23 Then, differences in nucleation of the domain walls along both in-plane directions could explain the observed differences in domain formation. Because during fast growth the sample is far from thermodynamic equilibrium (higher supersaturation), if the energy barrier for nucleation of domain walls kb was larger than that of the walls ka, the formation of the former walls would be hampered. Different energy barriers for domain wall nucleation can originate in the anisotropic elastic properties of DyScO 3 substrates, recently reported. 24 Slow-growth conditions will better reflect the equilibrium phase diagram of the system and its quite small misfit strain anisotropy.
That also implies that, during fast growth, the critical thickness for nucleation of domain walls would depend largely on the in-plane direction. This is, indeed, consistent with our observations: AFM pictures of PbTiO 3 films with different thicknesses are reproduced in Figure 2 . It shows that for a given film, the density of walls kb is smaller than the density of walls ka. In addition, while the walls ka are visible for thicknesses above 15 nm, the walls kb are only observed above 50 nm.
We now look at the thickness dependence of the domain periodicity. For too thin films, a/c domains are not expected; however, at these very small thicknesses the increased depolarizing field induces 180 domains. 25, 26 A crossover from 180 to 90 domains is thus expected at a particular thickness. In this case the crossover between 180 and 90
domains is found at d $ 10 nm but only for d > 15 nm, we are able to observe well-defined, ordered a/c domains. 23, 27 Figure 2 shows the high degree of ordering of the a/c domains (with walls ka) in PbTiO 3 on DyScO 3 , and the robustness of the domain size across the film allows us to monitor their size not only by local probe techniques, such as AFM and piezo-AFM, but also by x-ray diffraction (XRD). 13, 20 Typically, the best sensitivity is obtained using XRD for the relatively thinner films (Fig. 2(a) ) and using AFM for the thicker films (Figs. 2(b) and 2(c) ).
The data collected for all the samples, including slowgrown and fast-grown samples, are summarized in Figure 3 Instead, fitting the data in Figure 3 for the fast-grown samples results in an exponent n ¼ 0:68 6 0:03 ðn % 2=3Þ. Our experimental results exhibit thus a behavior in between the classic Roytburd's square-root law and Pertsev's linear law. One possible explanation is that we are probing the crossover between these two regimes. One can argue that, indeed, for the lowest thicknesses (d < 40 nm) the data are not inconsistent with a n ¼ 1 exponent; however, for the large thickness regime, there is no indication of approaching n ¼ 1/2. Intermediate scaling exponents 1/2 < n < 1 have been reported before for fractal domains, 28 but clearly the wall roughening mechanism cannot be invoked here, since our domains are perfectly smooth.
Fractional scaling exponents have also been extracted from switching dynamics, 29 and thus it may be the case that our exponent reflects the dynamics of domain nucleation. 30 Indeed, it rather looks like we are seeing a law that differs from that predicted by equilibrium models, something unsurprising for such fast-grown films.
According to the usual description of the energy balance between domains and domain walls, 12 the domain size is found by minimizing the sum of the elastic energy stored within the domains plus the energy of the domain walls. This minimization leads to the well-known Kittel formula,
where U is the volume energy density of the domains and r the energy per unit area of the walls. In the standard derivation of Kittel's law it is assumed that U and r are independent of the thickness d, but this is not a realistic assumption for very thin films, where strain is only partially relaxed or when structural and compositional gradients, 31 as well as competing relaxation mechanisms with different critical thicknesses (such as dislocations and twinning), introduce a thickness dependence on the energy densities. Within the thickness range of this study, the domain size scales as a power law, which implies that the energy densities can also be expressed as power laws: U ¼ ud K and r ¼ gd L and Kittel's law thus becomes W ¼ ffiffiffiffiffiffiffi ffi
Comparing with the experimental result, W / d 2=3 , we get that L-K ¼ 1/3. The exponent K that determines the volume energy density as a function of thickness has been amply studied by the semiconductor thin film community. The equilibrium models for strain relaxation and formation of dislocations [32] [33] [34] give rise to a residual strain that is inversely proportional to the layer thickness ðe / d À1 Þ, which, given that elastic energy is proportional to the square of the strain (Hooke's law), implies that K ¼ À2. On the other hand, it has also been shown that during epitaxial growth, the non-equilibrium kinetics of dislocation formation can lead to e / d À1=2 (or U / d À1 ). 35 In contrast, much less is known about the value of L that determines the thickness dependence of the domain wall energy. Since the energy cost of the walls is proportional to the spontaneous strain in the domains, a thickness dependence of the residual strain must also result in a thickness dependence of the domain wall energy. If we accept À2 < K <À1 as the two limiting cases for the volume energy density, then compliance with our empirical results requires À5/3 < L <À2/3 for the equilibrium and nonequilibrium growth scenarios, respectively.
To conclude, we investigate the thickness scaling of the domain periodicity of slow-grown and fast-grown samples. We show that, for films grown on (110)-DyScO 3 , working out of equilibrium with well-defined conditions allows a large degree of control of the domain width and morphology, beyond the predictions of thermodynamical models. This is enabled by the differences in domain wall nucleation along different crystal in-plane directions, which is most likely caused by the anisotropy in the elastic modulus of the substrate. Note: After acceptance of this paper, we have learned of unpublished work by L. Feigl and co-workers at EPFLLausanne, showing an even stronger anisotropy on PbZr 0.1 Ti 0.90 O 3 films grown on DyScO 3 (paper presented at the IMF13-Krakow September 2013).
